Purdue University

Purdue e-Pubs
International Compressor Engineering Conference

School of Mechanical Engineering

2004

Improvement of R410A Scroll Compressor
Efficiency by Reduction of Leakage Loss
Hirofumi Yoshida
Matsushita Electric Industrial Co.

Hiroyuki Kawano
Matsushita Electric Industrial Co.

Takashi Morimoto
Matsushita Electric Industrial Co.

Noriaki Ishii
Osaka Electro-Communication University

Follow this and additional works at: https://docs.lib.purdue.edu/icec
Yoshida, Hirofumi; Kawano, Hiroyuki; Morimoto, Takashi; and Ishii, Noriaki, "Improvement of R410A Scroll Compressor Efficiency
by Reduction of Leakage Loss" (2004). International Compressor Engineering Conference. Paper 1655.
https://docs.lib.purdue.edu/icec/1655

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html

C094, Page 1

IMPROVEMENT OF R410A SCROLL COMPRESSOR EFFICIENCY
BY REDUCTION OF LEAKAGE LOSS
2
Hirofumi YOSHIDA1, Hiroyuki KAWANO\ Takashi MORIMOT 0 1, Noriaki ISHII

Air-Conditioning Research Laboratory, Matsushita Home Appliance Company,
Matsushita Electric Industrial Co., Ltd.
2-3-1-1 Nojihigashi, Kusatsu, Shiga, Japan
Fax: +81-77-561-3201, E-mail: yoshida.hirofumi@national.jp
801,
Phone: +81-77-567-9
1

2

Professor, Department ofMechanica l Engineering, Osaka Electro-Communication University
18-8 Haccho, Neyagawa, Osaka, Japan
Phone: +81-728-20-4561, Fax: +81-728-20-4577, E-mail: ishii@isc.osakac.ac.jp

ABSTRACT
This study presents a higher efficiency scroll compressor for R410A room air-conditioners, developed especially
focusing on the efficiency improvement of the compression mechanism. First, we conducted an analytical study for
the design of the scroll profile to reduce the losses due to gas leakage through the axial clearance between the
orbiting and fixed scrolls without tip seals. Second, we tested the efficiency of several prototype compressors with
different scroll-wrap thickness, to confirm that the efficiency is so higher that the scroll wrap is thicker. Moreover
we realized an optimum tip clearance control, where the efficiency was improved up to 3.0%, compared with our
conventional type of scroll compressors.

1. INTRODUCTION
For preventing the global warming, the Kyoto Protocol was adopted at COP3 in 1997, and an energy conservation
law (law concerning rationalization of energy use) was amended for a measure against global warming in 1999,
where so-called a "Top Runner Program" (the energy saving standard is designated to the level higher than the
equipment which provides the most excellent energy consumption performance of the products presently
commercialized) was adopted in Japan. As a result, the competition in the room air-conditioner markets is
intensifYing year after year, where the annual power consumption has to be reduced to its maximum extent by
improving the efficiency, in addition to requirements of high added values, such as an air purification system, an
auto-cleaning system, and so on.
In such competition, it is essential to increase the compressor efficiency, which has the greatest influence on the
resultant efficiency of the room air-conditioners. It is especially significant to improve the efficiency in the halfcapacity operating mode, most frequently used in actual operation of room air-conditioners, to reduce the annual
power consumption. In the present study, we developed a high-efficiency R410A scroll compressor for room airconditioners, focusing on the compression mechanism with higher efficiency in the half-capacity operating mode.
First, we tested the compressor efficiency to confirm that the gas leakage between compression chambers, through
the tip clearance, results in a dominant loss especially in the half-capacity operating mode. Second, in order to
improve a sealing effect at the tip clearance, we investigated analytically and experimentally about eliminating a tip
seal, optimizing the tip clearance, and increasing the wrap thickness.

2. BASIC CONSTRUCTION OF R410A SCROLL COMPRESSOR
2.1 Compression Mechanism

The cross-sectional view of our conventional type of scroll compressor for R410A, with a tip seal, is shown in
Figure 1. The fixed and orbiting scrolls are mated to form a plurality of compression chambers. As the orbiting
scroll moves, the compression chambers move towards the center, reducing the volume and compressing the
refrigerant. The orbiting scroll is linked to the Oldham's ring and the crankshaft driven by the motor, thus
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performing the orbiting motion as the crankshaft rotate. As shown in Figure 2, a seal ring is disposed between the
orbiting scroll part and the frame, to separate a high-pressure space inside the seal ring and an intermediate pressure
space outside the seal ring. A tip seal is fitted to the tip of the orbiting scroll wrap. The high pressure is applied to
the back surface of the tip seal to press the tip seal against the fixed scroll, thus suppressing the refrigerant leakage
through the clearance between the tip of the orbiting scroll wrap and the fixed scroll, so-called "tip clearance".
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Figure 1: Cross-sectional view of conventional scroll compressor for R41 OA
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Figure 2: Enlarged view of the conventional compression mechanism

2.2 Refrigerant flow

The flow of the refrigerant is shown in Figure 1, where the refrigerant returned from a refrigeration cycle is guided
into the suction chamber of the compression mechanism, through the suction pipe. The refrigerant enclosed in the
suction chamber is compressed towards the scroll center and discharged from the discharge port. The discharged
refrigerant is guided downward by the muffler, to lead to the inside of the motor rotor, and reaches to the bottom of
the vessel. Thereafter, the refrigerant advances to the top via a connecting channel disposed at the motor stator, to
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discharge from the discharge pipe, and is fed into a refrigeration cycle. In this process, the oil in the refrigerant is
separated to prevent being discharged to the refrigeration cycle.

2.3 Oil flow

The flow of the oil also is shown in Figure I. The oil collected at the bottom of the vessel is pumped by an oil pump
attached in the lower end of the crankshaft and ascends through the straight hole made in the crankshaft. The oil
reached the crankshaft upper end lubricates the eccentric and journal bearings successively, and most oil returns to
the bottom of the vessel, while some amount of oil is depressurized through a needle valve mounted on the orbiting
scroll part, and reaches the intermediate pressure space outside the seal ring, to make a significant role to lubricate
the Oldham's ring as well as to apply back pressure to the orbiting scroll part so that the orbiting scroll is pressed
against the fixed scroll part during operation and it does not disengage (overturn) from the fixed scroll part. The
back pressure is kept at a specified intermediate pressure by a control valve attached in the fixed scroll part.
Thereafter, the oil is fed into the suction chamber via the control valve and plays a significant role again, for oil
sealing inside the compression chambers.

3. PERFORMANC E EVALUATION
3.1 Evaluation conditions

For the purpose to measure the compressor performance on the air-conditioner proper, the compressor unit for the
2.8-kW air-conditioner was tested under 4 operating conditions listed in Table I, where the rated-capacity and halfcapacity operation-modes are selected for heating and cooling, respectively. The compression ratio and the rotating
speed decrease in order from Condition A to Condition D.
Table I: Performance evaluation conditions
Single unit evaluation conditions
Condition A
Condition B
Condition C
Condition D

Air-conditioner operation mode
Heating rated-capacity operation mode
Cooling rated-capacity operation mode
Heating half-capacity operation mode
Cooling half-capacity operation mode

3.2 Evaluation method
(1) Capacity, input, and volumetric efficiency
Using a calorimeter, the capacity and the input of the single compressor unit were measured for the above evaluation
conditions, and with the measured data, the volumetric efficiency Tlv was calculated.
(2) Compression efficiency and mechanical efficiency
A plurality of pressure transducers was embedded in the compression mechanism to measure the pressure in the
compression chambers, and with the measured pressures, the resultant adiabatic efficiency (efficiency of
compression mechanism) was calculated and separated into the compression efficiency Tic and the mechanical
efficiency Tim· These efficiencies were used for indices of influence degree of the compression and mechanical
losses.

4. DIRECTIONAL ITY FOR IMPROVEMEN T OF EFFICIENCY
IN HALF-CAPACIT Y OPERATION MODE
The tested results of the efficiencies of the conventional scroll compressor with a tip seal are shown in Figure 3,
where Figure 3a represents the mechanical and compression efficiency ratios relative to the mechanical efficiency at
Condition A, while Figure 3b represents the volumetric efficiency ratio relative to the volumetric efficiency at
Condition A. Under any evaluation conditions, the compression efficiency Tic is lower than the mechanical
efficiency Tim· Since the pressure waveforms measured in the compression chambers indicated a large loss during
compression, one may consider that the influence of leakage loss on the performance was larger. Since the leakage
loss becomes more conspicuous at low rotating speeds, one may consider that the difference between the mechanical
efficiency Tim and the compression efficiency Tic became extremely large in Condition D. In addition, Figure 3b
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exhibits a large decrease in the volumetric efficiency TJV at Condition D, suggesting that the influence of refrigerant
leakage into the suction chamber was large. As a result, one may conclude that in order to improve the performance
of the room air-conditioner in its half-capacity operation mode, we should pay a special attention to the suppression
of refrigerant leakage particularly under Condition D, which significantly improves the compression and volumetric
efficiencies.
On the other hand, as the heat exchanger in the room air-conditioner is enlarged and the air flow rate on the heat
exchanger is increased for the purpose of high efficiency, the performance of the heat exchanger is improved, so that
the compression ratio tends to decrease. Thereby, the sealing effect of tip seal, due to the difference of high and low
pressures, tends to decrease particularly under Condition D. Therefore, focusing on the sealing at the tip clearance,
we should develop some compression mechanism of scroll compressor, which reduces the leakage loss under
Condition D.
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Figure 3: Measured efficiencies of conventional scroll compressor

5. MEASURES FOR REDUCION OF LEAKAGE LOSS
5.1 Elimination of tip seal
As the compression ratio decreases, the seal effect of the tip seal becomes lower, as shown in Figures 4a and 4b,
where an enlarged tip view of the scroll wrap is presented. Thereupon, as the first measure to improve the seal effect
at the tip clearance, we eliminated the tip seal and optimized the tip clearance to reduce the leakage loss, as shown in
Figure 4c. In the conventional model at high compression ratio, a comparatively large tip clearance &0 is allowed,
since the compression chambers are well-sealed by the tip seal, as shown in Figure 4a. Therefore it is easy to massproduce. On the contrast, in the specifications without tip seal, the tip clearance must be reduced to its minimal
extent, as shown in Figure4c. Thereupon, we confirmed the influence of the tip clearance on the efficiency, first.
Figure 5 shows the test results, where the abscissa &* represents a non-dimensional factor, which is the tip clearance
divided by the length of the orbiting scroll wrap, and the ordinate represents the performance change relative to the
conventional model.
When 8* (equivalent to the tip clearance) is large, the COP exhibits a large decrease at Condition Din particular, and
the decrease is due to a decrease in the capacity, as shown in Figure 5a, so that one may consider that the decrease in
the COP is caused by the increase of the refrigerant leakage from the tip clearance.
On the other hand, when 8* is small, a decrease in the input power is observed at any evaluation conditions.
Therefore, one may consider that the friction loss between the tip of the orbiting scroll wrap and the bottom surface
of the fixed scroll wrap was large in operation, because of the difference of thermal expansion coefficient between
the aluminum-based material of the orbiting scroll and the iron-based material of the fixed scroll.
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Figure 4: Enlarged tip view of the scroll wrap
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Based on these test results, the setting range of the tip
clearance for the highest efficiency under all evaluation
conditions was determined at 8*=25 to 40. Then, the
compression efficiency llc and the volumetric efficiency llv
significantly improve, as shown in Figure 6, where the
efficiency improvement at Condition D, relative to the
conventional model, is shown.

5.2 Increase of wrap thickness
As the second measure to improve the seal effect at the tip
clearance, we increased the wrap thickness to expand the
seal length of the tip clearance.
First, we conducted an analytical study for the design of the
scroll profile to reduce the leakage loss through the tip
clearance without the tip seal. Second, we tested the
efficiency of several prototype compressors with different
scroll-wrap thickness.

Figure 6: Effects of elimination of the tip seal
(Condition D)

5.2.1 Outline of scroll performance analysis simulation
The scroll performance analysis simulation makes it possible to predict the friction loss, the leakage loss, the torque,
etc. at each region by using the mechanical dynamic analysis and the leakage analysis at the scroll compression
mechanism.
In the mechanical dynamic analysis, the following equilibrium equation (5-1) is used for calculation of the frictional
loss at each section.

.lorzn N motor

d

e = .lor21l" LQ dB + .lor21l" Ls d e+ ro Jorzn
+r0

(J'"II + J'"t2 )de

fn {(fn + /r )sinB+(/

01

2

+ / 02 )cosB}dB+

s:n F,r dB

(5-l)

0

where Nmoror represents the torque of motor, Lg the frictional torque at journal bearing, Ls the frictional torque at
eccentric bearing, r0 the orbiting radius,};1 and};2 the frictional forces at thrust bearing,JTJ andfT2 the frictional forces
at bearing-side key of Oldham's ring,/01 and/02 the frictional forces at orbiting-scroll-side key of Oldham's ring, and
F, the gas force on the rotating crank pin in its tangential direction.
On the other hand, in the leakage analysis, the following equilibrium equation between the tube frictional loss head
and the pressure head is used for calculation of the leakage flow velocity um.

;.,!:.._. u~ = Pu -~

(5-2)

pg

28 2g

where, L denotes the clearance length, 8 the clearance, and Pu and PL the compression chamber pressures at
upstream and downstream of the leak channel. The empirical expression for the frictional coefficient A. is given by
M. Ohno (1994) and N. Ishii (1996):
I

A.=0.35Re

4

(5-3)

The Reynold number Re is defined by

Re = 2umt5

(5-4)

v
With expression (5-2), the pressure in compression chambers can be calculated by a repeated calculation method,
and hence the gas leakage between the compression chambers can be calculated, thus prediction the leakage loss.
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5.2.2 Simulated results
Using the above simulations, the changes in the volumetric efficiency (TJv), the compression efficiency (TJc), the
mechanical efficiency (TJm), and the resultant compressor efficiency (TJcomp = llmotllmllc• where llmot denotes the motor
efficiency) were predicted as shown in Figure 7, where calculations were carried out with the fixed orbiting radius
and the displacement volume. In addition, the open circle numbered by "0" indicates the wrap thickness for the
conventional scroll compressor.
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Figure 7: Efficiency changes vs wrap thickness
The calculated results of lleomp in Condition A, shown in Figure 7, indicate that the efficiency shows its maximum
value, when the orbiting scroll wrap thickness is 2 to 4 mm, while the efficiency rather decreases, as the orbiting
scroll wrap thickness increases too much. These results suggest that in such a high speed operation as Condition A,
the efficiency improvement achieved by increasing the seal performance at the tip clearance is small.
On the contrast, the calculated results of llcomp in condition D indicates that the efficiency can be improved by
increasing the wrap thickness of the orbiting scroll, t0 , better than by increasing the wrap thickness of the fixed scroll,
tr. These results indicate that the leakage loss at the tip clearance is predominant under condition D in which the
compressor is operated at a low rotating speed.
5.2.3 Tested results
Based on the simulated results shown in Figure 7, we tested 4 specifications with different wrap thickness
combinations, shown by solid circles numbered by 1 to 4 in Figure 7, where the actual wrap thickness is restricted
by dimensions of each part of the compression mechanism, in manufacturing process and so on. The measured
performance ratio of the prototype scroll compressors relative to the specification of the conventional wrap thickness
is shown in Figure 8.
In either condition, the tendencies of the tested results are generally similar to the simulated results, so that we found
that the efficiency can be increased by setting the wrap thickness at 3.5 mm both for the fixed and orbiting scroll
wraps. At the same time, we confirmed the utility of the scroll performance analysis simulation. The tested results
indicate that the actual performance is slightly different from the simulated results, where one may consider that the
difference between the tested and simulated results was caused by the factors out of consideration, such as the
viscosity loss (in particular, viscosity loss in the tip clearance), the influence of wrap deformation due to compressed
gas pressure force and wrap wall straightness in fmish machining, caused by the elasticity of material.
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6. HIGH-EFFICIENCY OF DEVELOPED SCROLL COMPRESSOR
By adopting the device with tip-seal-less and increased wrap thickness as described above, the performance of the
new scroll compressor was improved, as shown in Table 2. The resultant performance under the targeted Condition
D was improved by 3.0%, compared with the conventional scroll compressor.
Table 2: Effects of applied techniques
Evaluation conditions

Applied techniques

Condition A Condition B Condition C Condition D

Elimination of tip seal

+1.0%

+1.0%

+1.0%

+1.0%

Increased wrap thickness

+0.5%

+0.5%

0.0%

+2.0%

Total

+1.5%

+1.5%

+1.0%

+3.0%

7. CONCLUSIONS
We investigated the scroll compressor for R410A room air-conditioners and obtained the following conclusions.
• The high efficiency can be achieved by setting the optimal tip clearance, even if the tip seal with high
mass-productivity is eliminated in scroll parts composed of different materials.
• The validity of the improvement of compressor efficiency was confirmed by experiments and theory
applying the mechanical dynamic analysis and the leakage analysis in the scroll compression mechanism.
• A development technique focusing on the gas leakage through the tip clearance was established for
increasing the performance in the half cooling capacity operation mode.
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